Modeling for Reactive Building Energy Management  by Mahendra, Singh et al.
1876-6102 © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of KES International
doi: 10.1016/j.egypro.2015.12.175 
 Energy Procedia  83 ( 2015 )  207 – 215 
ScienceDirect
7th International Conference on Sustainability in Energy and Buildings
Modeling for reactive building energy management
Singh Mahendraa,b,∗, Ploix Ste´phanea, Wurtz Fredericb
aGSCOP lab CNRS UMR 5272 Grenoble-INP, 46, avenue Fe´lix Viallet, Grenoble 38031, France
bG2ELAB lab CNRS UMR 5269 Grenoble-INP, 11 rue des Mathe´matiques BP 46, Grenoble 38402, France
Abstract
This paper discusses the development of modeling approach for reactive energy management. The objective of reactive energy
management is to adopt the long-term anticipated performance to actual situation, preserving the occupant’s comfort and energy
expenses. It performs continuous performance monitoring of whole building, taking into account unplanned events and system
failures. Reactive energy management mechanism uses fast dynamics models with short-time simulation, able to manage the real-
time observations from sensor data. This work emphasizes the development of low-order resistance-capacitance (R-C) thermal
model with their equivalent state-space representation. At the end, a case study demonstrates the signiﬁcance of fast dynamics
reactive models to detect the discrepancies from reality.
c© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of KES International.
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1. Introduction
Buildings consume 32% of ﬁnal energy consumption, in terms of primary energy consumption, this consumption
reaches 40% (source: International Energy Agency) [1]. A careful supervision of energy management could decrease
this energy consumption signiﬁcantly. In most buildings, the operation of appliances need to be adjusted in response
to behaviour of the building occupants, unplanned events and current weather conditions as well. Diﬀerent antici-
pative energy management approaches were proposed for a day ahead prediction of energy cost and comfort proﬁle
[2, 3]. Anticipative energy management advises the best set-point conﬁguration for comfort and cost to building en-
ergy management system (BEMS). However discrepancy might occur in anticipative plan, because of unscheduled
event, wrong weather forecast or equipment failure. In such cases, anticipative energy management is not relevant to
manage the perceived comfort level for occupants.
In previous work, some energy management schemes were discussed [4, 5, 6, 7], to solve such kind of discrepancy
problems. These schemes, mainly derived from either set-points tracking with optimization or heuristics (if-then-
else), are unable to detect and locate the causes for failures. Moreover, it is not always fruitful to follow the set-points
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or heuristics in spite of diagnosing and troubleshooting the diﬀerent causes and failures. In order to rectify anomalies
in whole buildings operation, modern building energy management systems should be designed to be “reactive” i.e
to be able to take appropriate actions in case of discrepancy between plan and reality. Reactive energy management
supposes to use a model that can be easily initialized in case of unplanned events. Simpliﬁed 1R-1C thermal model
has been developed with a fast initialization algorithm. This model makes setting-up initial condition very easily
comparison to more detailed model and preferred for diagnosis of thermal discomfort. This paper is structured as
follows. First it provides a short overview of anticipative energy management and then discuss about the reactive
energy management followed by a model proposal. Finally simulations show how the reactive energy management is
useful to detect the discrepancy from reality.
Nomenclature
R Resistance
C Thermal Capacitance
Δr Reactive period
Δa Anticipative period
Cair Air capacity
Vin Indoor volume
Cout Outdoor CO2 in ppm
Cin Indoor CO2 in ppm
φ Heat ﬂow
2. Anticipative Building Energy Management for PREDIS/MHI
The main objective of anticipative energy management is to provide an optimized plan for upcoming hours. Antic-
ipative energy management works usually for a 24-hour time horizon with one-hour as an anticipation period (Δa). It
considers planned occupancy and hourly weather forecast to predict the next hour cost and comfort proﬁle. Neverthe-
less, these predictions rely on slow dynamic models and intend to meet the requirements of speciﬁc research platform
known as Predis/MHI. Predis/MHI is a dedicated platform for the building energy management, located at ENSE3,
Grenoble-INP. The platform is equipped with diﬀerent sensors to monitor the indoor thermal comfort, indoor CO2
concentration, occupant’s presence and power consumption as well. Predis-MHI illustrates several aspects of build-
ing energy management under diﬀerent scenarios [8]. In order to model the occupants comfort, anticipative energy
Fig. 1: RC Equivalent anticipative building model for PREDIS/MHI
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management uses two sub-models: thermal zone model and air treatment model. Thermal zone model is a 1st order
multiple input and single output (MISO) model, with input as internal heat ﬂows and outputs as indoor temperature.
Thermal dynamics inside the zone is modeled with a 1st order state-space model. Fig.1 depicts a schematic repre-
sentation of simpliﬁed R-C equivalent thermal model for Predis/MHI, adopted for anticipation where fast dynamics
do not matter. It considers only one capacity (Cwall) to model the thermal capacity of ground slab while the other
side wall imparts an inertia which is assumed negligible. Air treatment unit includes heating, ventilation and cooling
(HVAC) system with four possible ventilation modes, low, medium, high and free cooling. Using these models, an-
ticipative energy management solves a mixed integer linear programming (MILP) optimization algorithm to generate
comfort and cost plans. The objective of the optimization algorithm is to compute best compromise between comfort
and cost.
3. Reactive Building Energy Management
As aforementioned, there may exist gaps because of discrepancy between anticipated plan and reality [9, 10]. To
ﬁll this gap a reactive energy management strategy is proposed. Before going into detail working of reactive energy
management, it is important to answer the question what should be the nature of the reactive management (Heuristic
based or model based). Regarding this problem, two possible approaches could be used. First, a heuristic approach
which is rule (if condition then action) based. However there are several pros and cons with this approach for example
on the one hand rules are quite easy to implement and compatible with the available commercial controller on the
other hand, a set of rules lead to a large decision tree. It becomes therefore diﬃcult to ensure desired comfort level
because of large number of actions. In addition, the major problem with rule based approach is, its diﬃculty to handle
varying price tariﬀ, production and storage [6]. The other promising approaches are based on optimization. The
optimization algorithm tries to compromise between long-term plans (strategies) and short-term comfort performance
between predictions and real measurement. Proposed energy management scheme uses both approaches i.e heuristics
and optimization. It performs heuristic search for actions, in case of diﬀerent failures and involve human actor to
resolve the issue. An optimization algorithm is used to preserve the comfort in case of unexpected events such as
unplanned occupancy. Reactive energy management works on one-hour time horizon taking into account 10-minute
as reactive period (Δr). The objective of the reactive energy management is to trigger an update of the best set-point
Fig. 2: Reactive conﬁguration and set-point
trajectories to upper energy management scheme i.e anticipative, considering real-time variations in building opera-
tion. After getting current information, anticipative energy management is able to modify the anticipative plan before
next anticipative hour, according to reality. In reactive approach, it is not always necessary to follow the predicted
set-points. To bridge the gap between reality and anticipation, reactive energy management performs three mandatory
actions i.e Discrepancy detection, Cause isolation including current system state estimation and Short-term corrective
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actions.
A proposed reactive energy management with above three key steps is depicted in Fig 2. In the ﬁrst step i.e dis-
crepancy detection, a thresholding method is used to compare the reality with desired comfort level. This detection
method is popular as decision theory, in fault detection and diagnosis (FDD) community. It is observed that a dis-
comfort symptom could occur because of diﬀerent causes, so in second step reactive energy management ﬁnds most
appropriate cause using signature table method and estimate current state. Finally, a series of short-term corrective
actions are performed to adjust or re-compute the set-points conﬁguration. These corrective actions includes possi-
ble combinations of heuristics and optimization. Additionally, proposed management scheme utilizes an air quality
model to measure the indoor air quality (IAQ). At the end, it recommends new set-points conﬁgurations to upper
energy management system. To get the better occupant’s comfort and dynamic interaction between building and
grids, reactive energy management needs fast dynamics models. These model should be easy to initialize with cur-
rent measurements. The models used by reactive energy management should be focus on fast dynamics. In the next
section, a complete description of the model proposed for reactive energy management is presented together with the
initialization process.
4. Indoor Thermal Comfort Model for Reactive Energy Management
Indoor temperature is an important criteria for indoor comfort, though it depends on the other factors like clothing,
occupancy, human activity and climate zone. A certain occupancy level and its corresponding indoor temperature
set-points have already been planned in anticipative energy management. A variation in number of occupants or, for
instance, a wrong weather predictions may change the predeﬁned thermal comfort. Reactive energy management has
to detect the thermal discrepancy according to predeﬁned thermal comfort constraints. Proposed thermal model is a 1st
order 1R-C1 network focusing on fast dynamics and asuuming wall temperature as constant during a reactive period.
This model is presented in Fig 3(b) [11]. Now it is important to mention the modeling ideology for the simpliﬁed
model. The simpliﬁed model is derived from 3R-2C network i.e the “Fine simulation model”, which is the most
precise physical model for Predis/MHI platform in this work because it models all the dynamics. It represents almost
“reality” taking into account one-minute as simulation-step. Fine simulation model (see Fig.3a) uses two capacity (C)
for inner and outer slab.
(a) 3R-2C Fine simulation model (b) R-C reactive model
Fig. 3: Thermal models for Predis/MHI
The fundamental limitation with this model, is its diﬃculty to initialize for a short reactive period (Δr), because of
long warming up period [12, 13]. Furthermore, it is impossible to measure the inside slab temperature for short-time
period. Nonetheless, ﬁne simulation model serves as reality but it is diﬃcult to measure the thermal discrepancy
using this model. Short-term initialization problem brings on development of a reactive model, easy to initialize for
short-time period. Reactive model is a control-oriented model and intended to predict the system response over a
short reactive period. The starting point is precisely important for this model and measured by using current sensor
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measurements. This model allows easy diagnosis of thermal discomfort symptoms in case of discrepancy from reality.
Reactive model consider only one capacity (Cair) constant thermal capacity for reactive period.
4.1. Canonical State-Space Representation for Simpliﬁed Model
State-space representation, often used to describe the linear diﬀerential equation in more compact manner. They
have been extensively used for building modeling and simulation [14]. A ﬁrst order diﬀerential equation for simpliﬁed
1R-1C model, showing relation between indoor temperature (Tin) and heat-ﬂow (φin) is given as:
dTin
dt = −Tin
[
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From the above equation a state-space model equivalent matrix is given by:
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]
Now a discrete state-space model with Δr sampling period is modeled as-
x(k + 1) = FT x(k) +GTu(k) (2)
here FT = eAΔr and GT = (FT − I)/A × B. Simulation of above model results in the reactive proﬁle of temperature.
This state-space model is considered as sampled data system with the sampling period Δr, is used to sample input.
Further, T ′ do not varies in one reactive period. In order to estimate surface temperature an estimator is deigned in
following manner: Let’s deﬁne a reduced order system as (T’ almost invariant)
τk+1 = Fτk +Guk + K1T ′
Tin,k+1 = Cτk + Duk + K2T ′
(3)
Gathering two consecutive, it gives-
[
Tin,k+1
Tin,k
]
=
[
C
CF
] [
τk
]
+
[
D 0
CG D
] [
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]
+
[
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]
(4)
Let H = [h0 h1] be a matrix such as H
[
C
CF
]
= 0, ﬁnally it comes out:
T ′ =
Tin,k − FTin,k−1 + (FD −CG)uk−1 − Duk
(1 − F)K2 +CK1 (5)
for H = [−F 1]. This estimated temperature is computed using “Parity Relation” method [15], which uses two
consecutive reactive temperature as input for estimator. This estimation do not change for a reactive period. Fig.4
represents the simpliﬁed 1R− 1C (Reactive) model is a good approximation of ﬁne simulation model. A zoomed area
is presented in Fig.4 to illustrate the diﬀerence between the ﬁne simulation temperature proﬁle and reactive proﬁle,
during one hour.
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Fig. 4: Model approximation
4.2. Thermal Comfort Constraints Modeling
Indoor thermal comfort constraints for the reactive energy management is expressed as:
Tmin ≤ TR(t) ≤ Tmax (6)
Tmin, and Tmax are minimum and maximum values for thermal constraints under the occupied conditions. These
constraints are already used by the anticipative energy management and re-used in reactive energy management to
achieve the same level of comfort. Reactive energy management uses these bounds to detect unacceptable region of
thermal discrepancy. TR(t) is the indoor reactive temperature proﬁle at time t. Furthermore, present model do not take
into account the clothing level, consider only the human activity with corresponding Metabolic equivalent (MET)
values.
5. Indoor Air Quality Model for Reactive Energy Management
CO2 concentration indicates the Indoor air quality, it is an important concern for occupants comfort. Indoor air
quality can be supervised by deﬁning the constraints over the CO2 concentration level. A ﬁrst order diﬀerential
equation is used to model the CO2 concentration.
Vin
dCin
dt
= qCout − qCin + S (7)
Further, above model is discretized using 1st order diﬀerence equation, assuming t = (k + 1)Δr where k is a positive
integer and Δr is a reactive period. Here S is deﬁned as:
S =
MADRQDCO2VCO2
352MCO2(0.23RQ + 0.77)
(8)
It depends on body area (AD) of person, activity level (Metabolic equivalent values in MET), and ratio of CO2 exhaled
to O2 inhaled i.e respiratory quotient (RQ). For average person, body area is 1.8m2 and MET values (M) varies in
between 1 and 2 for normal activity such as oﬃce or class room. Respiratory quotient depends on occupants diet,
physical condition and physical activity of person. For an average person it is 0.83 [15]. DCO2 is carbon dioxide
density in mg/l, MCO2 is molar mass of CO2 in g/mol and VCO2 is molar volume of CO2 in l/mol respectively. Cin is
indoor CO2 concentration for ventilated room and Cout is outdoor concentration. CO2 constraints for reative energy
management is deﬁne as:
CO2R(t) ≤ CmaxCO2
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here CO2R(t) is the measured CO2 concentration at time t under the reactive environment and CmaxCO2, is the maximum
allowable CO2 concentration. A number of studies have been done by the French building research regulatory com-
pany Centre scientiﬁque et technique du baˆtiment (CSTB) and it is considered that maximum CO2 concentration level
can not exceed 1700 ppm limit [18].
6. Experiments and Simulations
In previous section, reactive energy management with short-term models has been discussed. Following sub-
sections discuss the discrepancy detection in indoor thermal comfort and indoor air quality, using these models.
However, the scope is not limited to only these two, there could be more discrepancies and causes, for example
discrepancy in anticipated cost proﬁle due to unplanned appliances or system failure.
6.1. Discrepancy in Indoor Temperature
Indoor thermal discomfort symptom is measured as indoor temperature. The anticipated temperature (see Fig.5a)
is derived from anticipative model (see Fig.1) focusing on slow dynamics, it uses planned occupancy and hourly
weather predictions. Fig.5(b) shows how the long-term anticipated temperature proﬁle is diﬀerent from short-term
measurement in between 8h and 9h hour of the day, because of the change in occupancy. The simulations shows,
in case of discrepancy, it is necessary to take corrective action before the last reactive period so that temperature
discrepancy could not reach to an discomfort area. Meanwhile reactive energy management tries to reach what was
planned before the next hour or re-compute a new anticipative plan.
(a) Anticipated temperature (b) Real-time temperature
Fig. 5: Discrepancy detection in Indoor thermal comfort
6.2. Discrepancy in Indoor Air Quality
An air quality discomfort is detected in term of CO2 concentration. Ventilation failure and Unplanned occupancy
could be both possible causes for this symptom. Fig.6(b) shows anticipated CO2 concentration proﬁle along with
planned occupancy. An air quality symptom is detected between 10h and 11h of the day (see Fig.6a), due to unplanned
occupancy. In such case reactive energy management is supposed to take some corrective actions, for instance an
occupancy alarm, or change in ventilation mode.
7. Signiﬁcance of Reactive Energy Management
One important role of reactive energy management, is to protect BEMS from reaching discomfort zone during
the anticipative period. Fig. 7(b) shows, day-ahead power consumption for Predis/MHI platform. An undesired
consumption peak arises during 8h to 9h of day (see Fig. 7a). In case of violation, reactive energy management
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(a) Anticipated CO2 and occupancy (b) Discrepancy in CO2 proﬁle
Fig. 6: Discrepancy detection in indoor air quality due to unplanned occupancy
supposed to react in such a way that peak should not propagate in the next anticipative period. Such kind of situation
arises because use of unplanned appliances or equipment failure.
(a) Real-Time consumption proﬁle (b) Anticipated power consumption
Fig. 7: Consumption peak detection for unplanned appliances
8. Conclusion and Future prospective
This paper introduces a reactive energy management detailed modeling, focusing on fast dynamics, easier to initial-
ize than more complex models. The experiments show how it is important to identify the discrepancies in anticipative
period, so that it will be possible to correct before next hour anticipative plan. Future prospective of this work is
to introduce diﬀerent possible reactive actions and their consequences in context of energy management. An early
detection may reﬂect huge savings of energy and cost as well. There could be various scenarios and possibilities for
diﬀerent causes and corresponding actions. A wrong action may cause discomfort to occupants. Deﬁning a global
reactive optimization for maximizing comfort is also considered as future work. Future, building energy management
system with such kind of energy management, will increase occupants well-being and would save operating costs.
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